Introduction {#sec1-1}
============

Alzheimer\'s disease (AD) is characterized by memory deficit or dementia in advancing age reflected as difficulty in thinking, cognition, decision-making, abrupt behavior, and speech and makes every task of a day-to-day life complex. The molecular triggers for memory and cognitive debility associated with AD are still elusive. However, there is compelling evidence supporting the involvement of increased amyloid beta (Aβ) production due to genetic polymorphisms, aging, stress, and poor lifestyle.\[[@ref1]\] Aβ is produced by a misbalance in two competing pathways, amyloidogenic and non-amyloidogenic including metabolism of the mature amyloid precursor protein (APP).\[[@ref2]\] The risk of the AD is heightened by the amyloidogenic microprocessing of the APP.\[[@ref3]\] Aβ exhibits microheterogeneity in amino acid sequence. Excessive sequential cleavage of the APP by β- and γ-secretase results in pathological oligomerization of Aβ that ensues degeneration of neurons of hippocampus and cortex regions, resulting in cognitive deficits and memory dysfunctions.\[[@ref4]\] The molecular studies evidence that the trafficking of APP is controlled by insulin signaling and insulin receptor tyrosine kinase.\[[@ref5]\] Insulin activity affects complex brain functions such as cognition and the memory *in vivo*.\[[@ref6]\]

Systemic administration of streptozotocin (STZ) induces experimental type 1 diabetes in animals. STZ targets a glucose transporter protein and disrupts the insulin homeostasis and integrity of beta cells in the pancreas.\[[@ref7]\] However, intracerebroventricular (ICV) administration of low doses of STZ does not induce diabetes but disrupts the insulin and energy homeostasis in the brain. Although ICV-STZ is reported to cause dementia in rodents, it was debatable whether the pathology caused by ICV-STZ is an appropriate model for the AD in rats. This question is addressed by various studies which report that the pathological states caused by ICV-STZ in animal brain resemble Alzheimer\'s like characteristics in neuronal morphology of Aβ plaques and tangles\' accumulation and gene expression.\[[@ref8]\]

Caveolin, inherent membrane protein is a major structural component of nonclathrin, flask-shaped invaginations named Caveolae.\[[@ref9]\] The physiological functions of caveolin include vesicular trafficking, cholesterol homeostasis, cell adhesion, and apoptosis.\[[@ref10][@ref11]\] Caveolins interact with several signaling executioners such as G-a subunit, protein kinase C tyrosine kinase receptors, and endothelial nitric oxide synthase.\[[@ref12][@ref13]\] Hence, it serves as the scaffolding protein for the integration of signal transduction.\[[@ref14]\] An emerging role of caveolin and cholesterol biosynthesis in the proteolytic processing of APP is also established.\[[@ref15]\] The generation of Aβ has been linked with membrane regions of high cholesterol content, such as lipid rafts or caveolae. In contrast, the sites of APPsα generation are recognized as membranes with low cholesterol content and high fluidity.\[[@ref16]\] Caveolin-1 physically associates with APP, which further supports the idea that caveolae and caveolin may play a role in the proteolysis of APP *in vivo* and further be responsible for the formation of Aβ with activation of β-secretase.\[[@ref17]\] Lipid rafts associated with APP and colocalization of β-secretase with caveolae influence the production of Aβ. The present literature survey may draw a view to hypothesize that a role of caveolin activity at caveolae may influence the neurological status possibly through an oxidative stress-dependent mechanism in ICV-STZ model of neurodegeneration in rats. Daidzein -- a well-noted inhibitor of caveolin-1\[[@ref18][@ref19][@ref20]\] and minoxidil -- an activator for caveolin-1 were used as modulators for caveolin activity *in vivo*.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Adult male Wistar albino rats weighing 220--260 g and aged about 13--15 weeks were procured from Animal house facility, School of Pharmaceutical Sciences, Shoolini University of Biotechnology and Management Sciences, Solan, HP, India. Animals were maintained under the controlled temperature at 25°C ± 2°C, humidity 55% ±5% with light/dark cycle (12/12 h), and also provided with standard chow diet procured from Ashirwad Industries Pvt. Ltd., Chandigarh, India and water *ad libitum*. The experimental study was conducted as per the guidelines of Committee for the Purpose of Control and Supervision of Experiments on Animals. The protocol was duly approved from the institutional animal ethical committee of the institution vide protocol number IAEC/SU-PHARM/14/04.

Drugs and chemicals {#sec2-2}
-------------------

STZ from Himedia laboratories, Mumbai, India; daidzein from Sigma Aldrich, Bengaluru, India; and minoxidil from United Pharmacies, Hyderabad, India were used. All other chemicals and biochemical reagents of analytical grade were used as freshly prepared solutions.

Methods {#sec2-3}
-------

### Streptozotocin-induced neuronal damage {#sec3-1}

Procedure

The animal was anesthetized using chloral hydrate at 350 mg/kg i.p., and hairs on the scalp were removed. The animal was placed in Stereotaxic apparatus (incisor bar - 3.3 mm, ear bars positioned symmetrically). The scalp was cleaned with iodine solution, incised on the midline, and a burr hole was drilled through the skull 0.8 mm posterior to bregma, 1.5 mm lateral to sagittal suture, and 3.6 mm beneath the surface of the brain, according to the stereotaxic atlas.\[[@ref21]\] STZ was dissolved in citrate buffer (pH 4.5) before administration and injected bilaterally into each ventricle on day 1 (4 μl at 1 μl/min) using a Hamilton Microsyringe.\[[@ref22]\]

Experimental protocol {#sec2-4}
---------------------

The animals were divided into six groups (*n* = 8). Normal control; Sham control; STZ control (ICV-STZ, 3 mg/kg); Daidzein (Sigma Aldrich, CAS\# 83701-22-8) 0.2, 0.4 and 0.6, STZ (3 mg/kg) on day 1 and daidzein (Sigma Aldrich, CAS\# 486-66-8) was dissoved in a 1:10 solution of dimethyl sulfoxide: Phosphate buffered saline (pH 7.2) and administered at (0.2, 0.4 and 0.6 mg/kg/day, *s. c.* respectively) from 3^rd^ to 28^th^ day; and Minoxidil 0.45, STZ (1.5 mg/kg) on day 1 and minoxidil 0.45 mg/kg, *i. p*. alternatively from 3^rd^ day to 28^th^ day. The variable frequency and doses of daidzein and minoxidil were chosen based on the pharmacokinetics of respective drugs to maintain the plasma availability.\[[@ref23][@ref24]\] Group Minoxidil 0.45 was administered STZ at its submaximal dose, 1.5 mg/kg in the view that the activation of caveolin (using minoxidil) may potentiate the effect of STZ.

Behavioral assessments {#sec2-5}
----------------------

### Elevated plus maze test {#sec3-2}

Retention of memory was assessed on the 28^th^ day of the protocol using elevated plus maze as explained by Sharma and Gupta.\[[@ref22]\] Rats were placed individually at an end of an open arm facing away from the central square, and latency to enter a closed arm was recorded as initial transfer latency (ITL), and the memory retention for a same behavioral response as retention transfer latency (RTL) was recorded 24 h after evaluation of ITL on the 29^th^ day.

### Balance beam test {#sec3-3}

Three trials per day were conducted during 4 days\' training period starting on the 30^th^ day of the protocol. The ground below the tapered beam was lined with foam to prevent the injury from fall. If an animal failed to progress toward goal box for 20 s, a white-noise signal of 50 dB was recruited at the wider end of the beam. On the day of the testing, each animal was placed on the wider end of the beam with its back toward the goal box. Four parameters were measured: latency to turn around, latency to cross the beam, number of hind paw slips, and total distance covered on beam.\[[@ref25]\]

### Morris water maze test {#sec3-4}

Behavioral assessment for task acquisition and retention was done using Morris water maze. A black circular water tank with a diameter of 100 cm was filled to a depth of 20 cm with clear water and maintained at 22°C. The tank was divided into four equal quadrants, and a small platform (19 cm height) was located in the center of any quadrant and kept there throughout the acquisition trials. The animals from all the groups underwent a training period of four consecutive days, four acquisition trials starting from the mid of each platform with animal facing the wall, starting on the 35^th^ day. The trial was considered ended when animals found the platform. Subsequently, the animal was allowed to rest for 30 s on the platform. If an animal had not found the platform for 180 s, it was allowed to rest on the platform for 10 s before retrial.

On day 5 (39^th^ day of the protocol), in a probe trial, the animals were allowed to swim for 180 s with the platform removed. All the rats were started in the east extreme and were tested for one trial. In this trial, animals were tracked for the latency to enter and dwell time in the platform area. The tracking analysis was done using ANY-maze.\[[@ref26]\]

Estimation of biochemical parameters {#sec2-6}
------------------------------------

### Brain homogenate preparation {#sec3-5}

All the biochemical parameters were estimated in the brain homogenate on day 28. Animals were sacrificed by decapitation; brains were removed and rinsed with ice-cold isotonic saline. Ten percent homogenized solution of the tissue was prepared using ice-cold 0.1 M phosphate buffer (pH 7.4). The homogenate was centrifuged at 10,000 × g for 15 min and aliquots of supernatant were separated and used for biochemical estimation.

Estimation of lipid peroxidation {#sec2-7}
--------------------------------

The lipid peroxidation was determined by the method of Wills.\[[@ref27]\] Briefly, 500 μl of 10% tissue homogenate was added into 500 μl 0.1 M Tris buffer. The solution was incubated for 2 h at 37°C. 1 ml of 10% trichloroacetic acid (TCA) was added. The solution was then centrifuged at 3000 rpm for 10 min. The supernatant (1 ml) was added to 1 ml of 0.67% of thiobarbituric acid (TBA), boiled for 15 min on a water bath, and cooled under tap water. One milliliter of distilled water was added. The color intensity of this sample was determined in ultraviolet spectrophotometer at a wavelength of 532 nm. The TBA reacting compounds were expressed as malondialdehyde (MDA) as nM/mg of tissue.

Estimation of reduced glutathione {#sec2-8}
---------------------------------

Reduced glutathione (GSH) was determined by the method of Ellman.\[[@ref28]\] Briefly, 1 ml of biological sample (10% tissue homogenate in phosphate buffer, 7.4 pH), 1 ml of 20% TCA solution containing 1 mM ethylenediaminetetraacetic acid was mixed for protein aggregation. This solution was incubated for 5 min at room temperature and then centrifuged at 2000 rpm for 10 min. The supernatant (200 μl) was then transferred to a new set of test tubes and added 1.8 ml of the Ellman\'s reagent (5, 5\'-dithio bis-2-nitrobenzoic acid) (0.1 mM) was prepared in 0.3 M phosphate buffer with 1% of sodium citrate solution. Then, all the test tubes were made up to the volume of 2 ml. After completion of the total reaction, the absorbance of the solutions was estimated at 412 nm against blank. The level of GSH was expressed as μmol/mg of tissue.

Statistical analysis {#sec2-9}
--------------------

All the results were expressed as mean ± standard deviation (SD). Data were analyzed using one-way and two-way ANOVA (for elevated plus maze only) followed by Bonferroni\'s multiple comparison tests. Multiple comparisons were carried out if the dataset achieved a significant F value and alpha was set at 0.05. The statistical analysis was carried out using GraphPad Prism (version 5.1, GraphPad Software, San Diego, CA, USA).

Results {#sec1-3}
=======

Effect of drug treatment on behavioral assessments {#sec2-10}
--------------------------------------------------

### Effect of drug treatment on memory retention on Morris water maze {#sec3-6}

STZ control rats showed a significant decrease in memory retention compared to sham-operated animals. Treatment with daidzein 0.4 and 0.6 mg/kg showed a significant restoration of the memory retention in dose-dependent manner, as shown by reduced latency to enter target quadrant (*P* \< 0.0001), number of entries in target quadrant (*P* \< 0.0001), and dwell time (*P* \< 0.0001) compared to the STZ control. Treatment with minoxidil and ICV-STZ (1.5 mg/kg) cause significant impairment of memory function as compared to the sham group for all indices of water maze (*P* \< 0.0001) \[[Figure 1](#F1){ref-type="fig"}\].

![(A) Latency to enter in target quadrant on probe trial for memory retention, (B) number of entries in target quadrant on probe trial for memory retention, and (C) total time spent in target quadrant on probe trial for memory retention (*n* = 8); Results: mean ± standard deviation; analyzed by one-way ANOVA followed by Bonferroni\'s multiple comparison test as *post hoc* analysis ("a" vs. normal control; "b" vs. sham treated; "c" vs. intracerebroventricular streptozotocin; "d" vs. sham group)](IJPharm-51-173-g001){#F1}

### Effect of drug treatment on memory retention on the elevated plus maze {#sec3-7}

No significant changes were observed in all groups for ITL (*P* \> 0.9999). STZ control rats showed a significant decrease in memory retention (*P* \< 0.0001) compared to sham. Daidzein treatment (0.2, 0.4, and 0.6 mg/kg) significantly reinstated the performance of animals (*P* \< 0.0001) compared to STZ control. Treatment with minoxidil (0.45 mg/kg) with ICV-STZ (1.5 mg/kg) showed a significant increase in the RTL (*P* \< 0.0001) compared to sham \[[Figure 2](#F2){ref-type="fig"}\].

![(A) Initial transfer latency in rats and (B) retention transfer latency in rats (*n* = 8); Results: mean ± standard deviation; analyzed by one-way ANOVA followed by Bonferroni\'s multiple comparison test as *post hoc* analysis ("a" vs. normal control; "b" vs. sham treated; "c" vs. intracerebroventricular streptozotocin; "d" vs. sham group)](IJPharm-51-173-g002){#F2}

### Effect of drug treatment on performance on balance beam {#sec3-8}

Single trial on the 5^th^ day was conducted to evaluate scores for motor coordination in rats. Three assessments: latency to turn toward goal box, a number of hind paw slips, and tangential velocity were made. STZ-treated animals showed significant high scores on latency to turn (*P* \< 0.0001), paw slips (*P* \< 0.0001), and tangential velocity (*P* \< 0.0001) on the 5^th^ day of the test. The administration of daidzein (0.2, 0.4, and 0.6 mg/kg) caused a highly significant decrease in the scores (*P* \< 0.0001) for all doses and paw slips (*P* = 0.0001, *P* \< 0.0001, and *P* \< 0.0001) for respective doses. However, daidzein 0.2 and 0.4 showed higher tangential velocity compared to STZ control; however, the difference was not significant (*P* = 0.6865 and 0.0631), although diazine 0.6 showed a significant increase in tangential velocity compared to STZ control (*P* \< 0.0001). Group minoxidil 0.45 showed increased latency to turn; increased hind paw slips; and decreased tangential velocity due to episodic memory impairment (*P* \< 0.0001) compared to sham \[[Figure 3](#F3){ref-type="fig"}\].

![(A) Time taken by rats to turn around and face the goal box once placed on the beam, (B) number of slips on the trial run, and (C) tangential velocity of rats in cm/sec (*n* = 8); Results: mean ± standard deviation; analyzed by one-way ANOVA followed by Bonferroni\'s multiple comparison test as *post hoc* analysis ("a" vs. normal control; "b" vs. sham treated; "c" vs. intracerebroventricular streptozotocin; "d" vs. sham group)](IJPharm-51-173-g003){#F3}

### Effect of drug treatment on brain tissue biochemical parameters {#sec3-9}

Tissue lipid peroxidation level

The levels of MDA rose significantly STZ control rats compared to the sham (*P* \< 0.0001). Treatment with daidzein (0.2, 0.4, and 0.6 mg/kg) decreased MDA level significantly (*P* \< 0.0001) for all groups. However, treatment with minoxidil (0.45 mg/kg) with ICV-STZ (1.5 mg/kg) showed a significant increase in the level of MDA compared to the sham group (*P* \< 0.0001) \[[Figure 4A](#F4){ref-type="fig"}\].

![(A) Effect of drug treatment on brain malondialdehyde level and (B) effect of drug treatment on brain glutathione level (*n* = 8); Results: mean ± standard deviation; analyzed by one-way ANOVA followed by Bonferroni\'s multiple comparison test as *post hoc* analysis ("a" vs. normal control; "b" vs. sham treated; "c" vs. intracerebroventricular streptozotocin; "d" vs. sham group)](IJPharm-51-173-g004){#F4}

Tissue reduced glutathione level

The level of GSH was found to be significantly depleted in ICV-STZ injected rats compared to the sham (*P* \< 0.0001) whereas daidzein treatment group (0.2, 0.4, and 0.6 mg/kg) showed restored levels of GSH (*P* = 0.0003, *P* \< 0.0001, and *P* \< 0.0001, respectively). Predictably, minoxidil 0.45 group showed a decrease in levels of GSH (*P* \< 0.0001) \[[Figure 4B](#F4){ref-type="fig"}\].

Discussion {#sec1-4}
==========

ICV administration of STZ at a subdiabetogenic dose (3 mg/kg) in rats impairs task acquisition and memory on water maze by exerting a profound and protracted effect on brain biochemistry, metabolism, and thereby on the physiology of behavior. Accumulation of Aβ and hyperphosphorylation of tau are the long-term consequences of STZ administration.\[[@ref29]\] Caveolin plays a physiological role in the transport of cholesterol from extracellular space into the cell that is required to maintain physiological and metabolic energy requirements for cell survival.\[[@ref30]\] In addition, caveolins also participate in the modulation of APP trafficking. An interaction of high cholesterol content in lipid raft of caveolae and the proteolytic processing of APP has been reported.\[[@ref16]\]3-Hydroxy-3-methylglutaryl-coenzyme A inhibitors, Statins decreased the production/aggregation of Aβ by reduced cholesterol synthesis.\[[@ref31]\] Hence, it may be deduced that the production of Aβ may also be reduced with activation of caveolin-induced cholesterol transport system. An extensive research revealed an undisputed role of caveolin 1 in the oxidative stress-induced damage. Briefly, reactive oxygen species can modulate the expression, degradation, posttranslational modifications, and membrane trafficking of caveolin 1.\[[@ref32]\]

The findings herein support the conclusion that the administration of daidzein, a caveolin inhibitor at 0.4 and 0.6 mg/kg, produced significant restoration of memory dysfunction caused by ICV-STZ treatment. This is evidenced by significantly low neurological deficits compared to ICV-STZ control. In addition, no significant differences were observed between groups of a low and high dose of daidzein, 0.4 mg/kg and 0.6 mg/kg (*P* \> 0.9999). Conversely, activation of caveolin using minoxidil with concomitant STZ (1.5 mg/kg) resulted in significantly more deficits compared to STZ control. In this case, low doses of STZ were administered to avoid lethality. The low dose of STZ, which otherwise causes no cognitive deficits, resulted in significantly more deficits compared to sham in the present study. These deficits may directly relate to overproduction of Aβ, due to a combined effect of insulin dysfunction caused by STZ and caveolin activation caused by minoxidil.

STZ spares basal ganglia and ventral striatum from degeneration, parts of the brain responsible for motor coordination and development of skill memory.\[[@ref33]\] The balance beam test is conventionally used to assess motor coordination of animals; however, we employed this test to assess the dysregulation of memory retention in the present study. Any deficits in the motor coordination were ruled out before the balance beam test by measuring spontaneous locomotor activity using an actophotometer, therefore affirming that any abnormality in the behavior on balance beam would result from memory deficits. Briefly, we used the balance beam apparatus to assess animals\' ability to memorize various unfavorable conditions: elevation, bright light, and loud noise (buzzer). These unfavorable conditions drive the animal away from the wider end of the beam to the goal box in addition to the animal\'s instinct to reach dark goal box in anticipation of reward. In addition, the memory of tapered beam, if consolidated, results in lesser hind paw slips compared to animals that show deficits in memory retention. STZ-treated animals showed more deficits; latency to turn around and paw slips compared to the sham on the final day of the experiment. The administration of daidzein decreased the latency to turn and cross the beam with decreased hind paw slips. Animals treated with minoxidil and a sublethal dose of STZ resulted in increased latency to turn and increased hind paw slips compared to the sham (deficits were comparable to STZ control). Assessments for memory retention on Morris water maze and elevated plus maze revealed a similar pattern of scores. STZ control animals exhibited significantly low memory retention, evidenced by lesser dwell time and the number of entries into the target quadrant, and greater RTL. These deficits were restored with inhibition of caveolin with daidzein, although high doses of daidzein did not cause any significant change compared to lower doses. Activation of caveolin with minoxidil exaggerated the pathology of an otherwise sublethal dose of STZ, which indicates the involvement of caveolin in the progression of Alzheimer\'s like dementia.

Malondialdehyde is a product of lipid peroxidation of membrane phospholipids due to oxidative stress whereas reduced GSH is an antioxidant in the body; these two are deemed as biomarkers to measure the severity of oxidative stress. Oxidative stress might be indicated by a marked decrease in GSH and an increase in MDA levels.\[[@ref22]\] In the present study, STZ produced a significant increase in MDA level and a decrease in the GSH level, as compared to the sham group. However, administration of caveolin inhibitor daidzein resulted in reduced levels of MDA and elevated levels of GSH in the brain tissue. Daidzein is an isoflavone and has been reported for antioxidant properties. Moreover, daidzein produced a protection to the rats from ischemic injury by reducing the expression of MDA and other markers of oxidative stress.\[[@ref34]\] Administration of minoxidil with a low dose of STZ caused an increase in MDA and decrease in GSH levels further supporting the findings of behavioral assessments. The results from the present study support the hypothesis that Alzheimer\'s like pathology in rats caused by ICV administration of STZ may be restored by inhibition of the activity of caveolin. This finding may open new arena for drug discovery research to combat AD. Conclusively, a typical STZ pathology regardless of nonpathological dose of STZ along with activation of caveolin-1 using minoxidil was observed; however, neurological deficits were restored by inhibition of caveolin-1.

Conclusion {#sec1-5}
==========

The findings from the present investigation may conclude that the caveolin-1 from caveolae at the cell membrane induces memory deficits and oxidative stress phenotype that resemble the neurological phenotype of AD. Further studies are warranted to gauge the effect of caveolin dyshomeostasis on the amyloidogenic cascade.
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